Ternary rare-earth antimonates Ln 3 SbO 7 (Ln = rare earths) were prepared, and their structures were determined by X-ray diffraction measurements. They crystallize in an orthorhombic superstructure of cubic fluorite (space group Cmcm for Ln = La, Pr; Ccmm for Ln = Sm -Dy), in which Ln 3+ ions occupy two different crystallographic sites (the 8-coordinated and 7-coordinated). For Ln = Nd, two phases with the Cmcm and Ccmm space groups coexist at room temperature. When the temperature was increased, the Nd 3 SbO 7 compound transformed into a single phase with the space group Cmcm.
Introduction
Metal oxides of the general formula Ln 3 MO 7 (Ln = lanthanides, M = Nb, Mo, Ru, Sb, Ta, Re, Os, Ir) have been extensively studied. They have a defect-fluorite structure. The relationship to the fluorite structure is as follows. The fluorite unit cell for oxides has the composition M ions, cation ordering occurs on the metal sites and the oxide-vacancy orders on the anion sites.
In 1979, Rossell first determined the crystal structure for La 3 NbO 7 [1] . It is well described in the orthorhombic space group Cmcm: The M 5+ ion is coordinated with six oxygen ions, forming a MO 6 octahedron. These octahedra share corners forming one-dimensional chains which are oriented along the c-axis. The same space group Cmcm has been applied for Ln 3 RuO 7 (Ln = La ~ Gd) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , 6 (ZFC) and field-cooled (FC) conditions. The former was measured upon heating the sample to 400 K under the applied magnetic field of 0.1 T after zero-field cooling to 1.8 K. The latter was measured upon cooling the sample from 400 to 1.8 K at 0.1 T.
Specific heat measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 1.8-400 K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon for better thermal contact. Figure 1 shows the powder X-ray diffraction profiles for Ln 3 SbO 7 (Ln = La, Pr, Sm, Eu, Gd).
Results and discussion

Preparation and crystal structure
Except for Ln = Nd, all the Ln 3 SbO 7 compounds (Ln = La, Pr, Sm-Dy) were obtained as a single phase.
These diffraction patterns are similar to that for the fluorite structure and all reflections appear to be consistent with the C-centered condition, h + k = 2n. Although a variety of space groups such as Pnma, 1 and Ccmm (for example, the peak at 2θ ~ 20.5° corresponding to the 2 0 1 reflection)
were not observed in the X-ray diffraction profiles. This fact shows that the C222 1 and Ccmm were also ruled out from the space group for La 3 SbO 7 and Pr 3 SbO 7 . We performed Rietveld refinements of the 7 crystal structure with the space group Cmcm. All the reflections observed could be successfully indexed.
Figure 2 (a) shows the results of the Rietveld refinements for the X-ray diffraction profile of Pr 3 SbO 7 ,
and Table 1 lists the crystallographic data. A relatively large deviation of the unit cell parameters (a, b, c) with respect to the idealized (2a c , √2a c , √2a c ) cell derived from the cubic fluorite structure is noticed. For the X-ray diffraction profiles of Ln 3 SbO 7 (Ln = Sm ~ Dy), some extra reflection peaks were observed (for example, the peak at 2θ ~ 20.5° which is allowed in the space groups C222 1 and Ccmm).
In addition, the X-ray diffraction profiles show the absence of the 0 k l reflections with l = 2n+1, e.g. the (0 2 1) reflection at 26.9°, which are allowed in the space group C222 1 . This result means that the C222 1 is ruled out from the space group for these compounds. All the reflections observed could be successfully indexed with the space group Ccmm. The X-ray diffraction profile for Nd 3 SbO 7 is depicted in Fig. 2 
(c). The Rietveld analysis for
Nd 3 SbO 7 shows that the phase with the space group Cmcm and that with Ccmm coexist at room temperature, and that the ratio of the Cmcm phase and the Ccmm phase is 48 %:52 %. This value is equal to the bond length calculated from the Shannon's ionic radii [36] .
High temperature X-ray diffraction measurements for Nd 3 SbO 7
The X-ray diffraction measurements for Nd 3 SbO 7 show that the phase with the space group Cmcm and that with Ccmm coexist at room temperature. The Ln 3 MO 7 compounds (M = Ru, Ir, Os, Ta) show structural phase transitions, and their high-temperature phases are known to have a space group Cmcm.
Therefore, it is natural to consider that warming up Nd 3 SbO 7 should transform into a single phase with Cmcm space group. Figure 6 shows the X-ray diffraction profiles of Nd 3 SbO 7 at various temperatures. We performed the Rietveld analysis for the X-ray diffraction data assuming the two-phase model with space groups Cmcm and Ccmm. At room temperature, the ratio of the Cmcm phase and the Ccmm phase is determined to be 48 %: 52%. With increasing temperature, the ratio of the phase with the Cmcm space group increases, as listed in Table 3 . The temperature range in which two phases coexist is very wide. The profiles above 873 K reveal that Nd 3 SbO 7 transforms to a single phase with Cmcm space group. observed, which may be related to the fact that a two-phase region exists over a large temperature span.
High-temperature X-ray diffraction measurements were performed also for Tb 3 SbO 7 in the temperature range between 373 K ≤ T ≤ 1123 K. The results showed that all the X-ray diffraction profiles collected in this temperature range were analyzed with the Ccmm model, i.e., no phase transition occurred.
Magnetic properties
For Nd 3 SbO 7 and Tb 3 SbO 7 , magnetic susceptibility and specific heat measurements were performed in the temperature range between 1.8 and 400 K. Figure 8 shows the temperature dependence of the magnetic susceptibility for Nd 3 A clear antiferromagnetic transition has been observed at 3.0 K (Fig. 8) , and there is no divergence between the ZFC and FC susceptibilities below this temperature, which indicates that the Nd 3+ ions are in an antiferromagnetic state without any ferromagnetic properties.
Magnetic properties of Nd 3 SbO 7
In order to obtain the information about the low-temperature magnetic behavior, specific heat measurements were performed down to 1.8 K. Figure 9 shows the temperature dependence of the specific heat (C p ) divided by temperature (C p /T) for Nd 3 SbO 7 . A λ-type specific heat anomaly has been observed at 3.0 K, which corresponds to the results by magnetic susceptibility measurements. To evaluate the magnetic contribution to the specific heat (C mag ), we have to subtract the contribution of lattice specific heat (C lat ) from the total specific heat (C mag = C p -C lat ). The lattice specific heat was estimated by using the data for a diamagnetic compound La 3 NbO 7 (the red solid line in Fig. 9 ). The magnetic specific heat below 1.8 K was extrapolated by the relation C mag ∝ T 3 from the spin-wave model for the antiferromagnet [37] (the dashed line in Fig. 9 ). From the temperature dependence of the magnetic specific heat, the magnetic entropy change for Nd 3 SbO 7 (S mag ) is calculated by the relation
. Its temperature dependence is also shown in Fig. 9 . The total magnetic entropy change is ~ 14 J/mol K, and this value is close to 3R ln2 = 17.3 J/mol K (R: gas constant). An antiferromagnetic transition has been observed at 3.0 K, and there is no divergence between the ZFC and FC susceptibilities below this temperature. Figure 11 shows the temperature dependence of the specific heat for Tb 3 SbO 7 . A clear λ-type specific heat anomaly has been observed at 3.0 K, at which the magnetic susceptibility shows antiferromagnetic behavior. Another specific heat anomaly has been also observed at 7.8 K. At this temperature, the susceptibility of Tb 3 SbO 7 also shows anomalous behavior (see the low-temperature dependence of the susceptibility of Fig. 10 ). The magnetic specific heat was estimated by subtracting the contribution of the lattice specific heat from the total specific heat in the same way as is the case for Nd 3 SbO 7 . The magnetic entropy change is calculated from the specific heat data by using the equation
, and it is obtained to be 17.5 J/mol K at 10 K. This value is in good agreement with the calculated value, 17.3 J/mol K. The Tb 3+ ion is a non-Kramers ion, and its ground multiplet 7 F 6 should split into many states by the crystal field. Among the combinations of the possibly degeneracy of the Tb 3+ ion (for Tb(1) and Tb(2) sites), only Rln2 + 2Rln2 = 17.3 J/mol K (the degeneracy of the Tb (1) and Tb (2) is both two) is reasonable for the obtained S mag value. Therefore, it is considered that non-Kramers doublets of Tb 3+ ions at each site individually cause the antiferrromagnetic ordering. As shown in Fig. 11 , it is difficult to divide the magnetic entropy data into two anomalies. However, considering the results that the peak value of C mag /T at 3.0 K is about twice as large as that at 7.8 K, we believe that the antiferromagnetic transitions at 3.0 and 7.8 K are due to the magnetic interactions between Tb 3+ ions occupying the Tb(2) and Tb(1) sites, respectively, because two-thirds of the Tb 3+ ions are situated at the Tb(2) sites and one-third of the Tb 3+ ions are situated at the Tb(1) sites. Similar "two-step" magnetic transitions have been found for Ln 3 TaO 7 (Ln = Nd, Tb) [25] and Ln 3 NbO 7 (Ln = Nd, Tb) [38] .
Summary
Rare earth antimonates Ln 3 SbO 7 (Ln = rare earths) crystallize in an orthorhombic superstructure of cubic fluorite. Nd 3 SbO 7 and Tb 3 SbO 7 showed an antiferromagnetic transiton at 3.0 K and 7.8 K,
respectively. Specific heat measurements for Tb 3 SbO 7 indicate that the antiferromagnetic ordering of the 8-coordinated Tb ions begins to occur at 7.8 K, and the 7-coordinated Tb ions magnetically order at a furthermore lower temperature of 3.0 K. 
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